Variation in the level of gene expression is a major determinant of a cell's function and characteristics. Common allelic variants of genes can be expressed at different levels and thus contribute to phenotypic diversity. We have measured allelic expression differences at heterozygous loci in monozygotic twins and in unrelated individuals. We show that the extent of differential allelic expression is highly similar within monozygotic twin pairs for many loci, implying that allelic differences in gene expression are under genetic control. We also show that even subtle departures from equal allelic expression are often genetically determined.
The alleles of an autosomal gene are not necessarily expressed at the same level. [1] [2] [3] These allelic differences in gene expression are a major component of phenotypic variability and contribute to both Mendelian and complex genetic traits. Allelic differences in expression have been observed in family and population studies 2, [4] [5] [6] . These expression differences (differential allelic expression, or ''DAE'') can also be studied in heterozygotes. 3 In the most extreme form of DAE, monoallelic expression, only one of the two alleles in heterozygotes is expressed. Until recently, it was thought that monoallelic expression occurred only for a few kinds of genes: those that undergo allelic exclusion (e.g., immunoglobulins, odorant receptors) or imprinting and X-linked genes affected by the inactivation of one X chromosome in females. In a recent study, investigators used multiple clones of cells from the same heterozygous individual and concluded that ''monoallelic'' expression is found for 5%-10% of autosomal genes in a large proportion of the clones studied. 7 They also concluded that the choice of the expressed allele is made at random in different cells, and therefore represents epigenetic, not germline, effects. In contrast, our studies of twins show that germline effects must also be important. A parallel situation is found in X inactivation, when one allele is completely silenced. ''Preferential X inactivation'' is seen with rare promoter mutations of the XIST gene 8 (MIM 314670), and additional evidence for a germline non-random component is seen in family and linkage studies. 9 In this study, we investigated the genetic basis of DAE by studying monozygotic (MZ) twins. We found that for many genes, the degree of DAE is remarkably similar in the members of the MZ twin pair. Instead of setting an arbitrary threshold, we defined the degree of DAE by using the distribution of allelic expression among all individuals studied. By this approach, we show that the similarity in the degree of DAE between MZ twins is seen even when the departure from equal expression is small. These results show that individual variation in the degree of DAE is under genetic control. Such a strong genetic effect implies that the overall degree of DAE for many genes depends on a process that is not random.
We prepared DNA and mRNA from lymphoblastoid cell lines representing 21 monozygotic (MZ) twins and ten CEU individuals from the International HapMap Project. 10 We obtained genotypes of the subjects by hybridizing their DNA on genotyping arrays (XbaI component of the 100K Affymetrix SNP array). Because the ten HapMap individuals have been genotyped at a very dense set of markers by the HapMap Project, 11 we compared our individual genotypes with those from the HapMap and confirmed that they were identical. We measured differential hybridization of cDNA to the ''A'' and ''B'' alleles at each single-nucleotide polymorphism (SNP) on the genotyping arrays and estimated the relative abundance of allelic transcripts by the method of Pant et al. 12 with minor modifications due to the difference in our arrays. We adjusted for intrinsic differences in signal intensity between the two alleles by using the hybridization intensities of the alleles in the DNA samples on the arrays. Of the~58,000 SNPs interrogated by the array, approximately 700 occur in exonic regions of genes. These exonic SNPs allowed us to distinguish and quantify the two allelic transcripts in heterozygotes. The resulting data were checked and filtered for genotype and phenotype quality. We first investigated the overall distribution of allelic expression differences among the 31 unrelated individuals (one randomly chosen member of each twin pair and 10 HapMap individuals). We restricted attention to SNPs heterozygous in five or more individuals, which resulted in 285 exonic SNPs for the analysis of DAE ( Figure 1A ). For each SNP, we determined the departure from equal expression of alleles A and B in every heterozygote. Then we calculated the proportion of A-bearing transcripts as an ''allelic expression ratio'' a/(aþb), where a and b are the intensities of hybridization signals, which we take as the relative contributions of the two alleles to the mRNA for that gene, as in Pant et al. 12 . Because this ratio represents the relative abundance of A-bearing transcripts, DAE (''allelic imbalance'') produces departures from the value 0.5. We used the distribution of a/(aþb) values among the heterozygotes, rather than an arbitrary threshold of allelic expression ratio, to assess the evidence for overall DAE of the corresponding gene. For each SNP, we converted the difference between the observed mean, x, and the ''expected'' value, 0.5, to units of SE, the standard error of the mean. As is customary, values of x that differed from 0.5 by more than 2 SE units were considered nominally significant (p < 0.05, two-tailed t test). Among the 285 SNPs, we found more than 50% (163 SNPs in 151 genes) with significant evidence of DAE, i.e., with x different from 0.5 by R 2 SE (see Table S1 , available online). Among them, there were 17 with mean a/(aþb) greater than 0.66 or less than 0.33, representing a difference in expression of 2-fold or greater between the two alleles.
To assess the germline genetic contribution to DAE, we examined twin correlation of a/(aþb) in the sample of 21 MZ twin pairs. If cells from members of the same twin pair were grown in the same batch more often those from different pairs, the resulting batch effects could lead to artifactual similarity within pairs, i.e., exaggerated correlation of twins. We therefore grew cells from as many pairs as possible in the same batch (a total of two batches -see Table S2, available online). Thus, we were able to check that the results for twin similarity were not influenced by batch membership. For the RNA extraction and preparation of the cDNA samples for hybridization onto arrays, one batch consisted entirely of ''twin 1'' from each pair, and the other batch consisted of ''twin 2,'' so batch artifacts were completely eliminated from this procedure.
We used analysis of variance (ANOVA) to test the significance of twin resemblance. The ANOVA also provided an estimate of the intraclass correlation coefficient (ICC), the standard measure of similarity within pairs of subjects. ICC values less than or close to 0 indicate that MZ twins are no more similar than would be expected from the variation among unrelated individuals; values near 1 (the maximum) indicate that MZ twins are extremely similar.
Among the 211 SNPs heterozygous in five or more twin pairs, there are 63 (30%) with p < 0.05 for ICC (Table 1) ; among these, the values of ICC range from 0.47 to 0.98 (Table 1 and Figure S1 ). Among 211 SNPs, we expect approximately two with p < 0.01 by chance (we found 26) and much less than one with p < 10 À4 (we found seven).
Clearly, many more genes show evidence for genetic variation in allelic expression differences than would be expected by chance. When there were two SNPs in the same transcript, they gave similar results; for example, Figure 1B shows highly similar results for two SNPs in STOX1 The marked twin resemblance in the magnitude of DAE was seen not only for genes such as MS4A7 (MIM 606502), for which there are large departures from equal allelic expression ( Figure 1C ), but also for genes whose allelic forms are expressed at similar levels, i.e., for which there is no significant evidence of DAE, as in ZNF605 ( Figure 1D ).
Our findings lead to several conclusions. First, for at least 50% of genes expressed in lymphoblastoid B cells, the entire distribution of the allelic expression ratio is significantly shifted away from the expected mean of 0.5 (equal allelic expression). This conclusion results from our analysis of the distribution of allelic ratios. If an arbitrary threshold had been used to define DAE, it would not have been possible to detect the small departures, where the expression phenotype as a whole shows small but significant DAE in normal individuals. In contrast, some of the differences are very large; they amount to two-fold or greater in average expression level between alleles. Second, the results from MZ twins show that the degree of DAE is significantly correlated within a twin pair for at least 30% of genes. This suggests that not just the presence of DAE, but also its quantitative extent, is under genetic control. This twin correlation is found even for genes where the average departure from the expected equal allelic expression is small and not significant. Third, our analysis suggests a genetic interpretation of the recent finding of widespread random monoallelic expression. 7 Gimelbrant and colleagues 7 studied cloned lymphoblastoid B cells and concluded that an individual is mosaic with regard to 5%-10% of genes expressed in B cells; for these genes, some cells express only the paternally derived allele, some express only the maternally derived allele, and (for most genes) some express both alleles. In our study, we also found that allelic differences in gene expression are common. However, the twin correlations show that even if the population of B cells is mosaic, the extent of differential allelic expression for the entire population of B cells in an individual is not random but rather is influenced by inherited variation. This implies that the determinants of allele-specific gene expression can be identified by genetic analyses. Further studies to map these genetic determinants of DAE will lead to a better understanding of regulation of human gene expression, a major determinant of cellular phenotype.
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